Introduction: The use of cardiopulmonary bypass is associated with a risk of neurocognitive deficit caused by gaseous microemboli. Flushing the empty bypass circuit with carbon dioxide, which is more soluble than air, may reduce the amount of gaseous microemboli in the priming solution before the initiating of cardiopulmonary bypass. Method: We measured the amount of gaseous microemboli in twenty primed bypass circuits. Ten circuits were flushed with carbon dioxide before being primed and ten circuits were non-flushed. All circuits in both groups were primed with crystalloid priming. An ultrasonic clinical bubble counter was used to count gaseous microemboli in the prime for 20 minutes. Results: The median numbers of gaseous microemboli counts were highest during the first minute in both groups, with a significantly lower median value in the group flushed with carbon dioxide (397.5) versus the non-flushed group (1900). In the 20th minute, the median values of gaseous microemboli were significantly lower (p<0.023) in the flushed (0.5) versus non-flushed (10.75) groups. The gaseous microembolic count in the flushed group remained lower than in the non-flushed group when tested minute by minute throughout the whole 20-minute period. Conclusion: Flushing the bypass circuits with carbon dioxide before priming significantly decreased the number of gaseous microemboli in the priming solution.
Introduction
When the patient is connected to a heart and lung machine, the blood comes in contact with artificial surfaces and it is possible for air to enter the bloodstream. One of the most serious complications is air emboli which may cause cerebral and peripheral dysfunction. 1, 2 Technology has led to a reduction in morbidity and mortality in cardiac surgery. However, neurological complications still represent an important cause of morbidity in the postoperative period. 3, 4 Microembolism, predominantly gaseous microemboli (GME), may partly explain the neurocognitive impairment seen in 30-80% of patients operated with extracorporeal circulation. 3, 5, 6 GME can be caused by a number of different sources during cardiopulmonary bypass (CPB), such as the circuit and oxygenators themselves in addition to the surgical and perfusion techniques. Air may enter into the circulation when the heart is opened and through cannulas, but may also enter the circulation by the initiation of CBP. 7 GME in the blood will provide a foreign surface that initiates micro thrombus formation and will lead to functional changes on the vascular endothelium and cause the release of inflammatory mediators. GME in arterial vessels is particularly deleterious in the cerebral and cardiac circulation because these systems are highly vulnerable to hypoxia. [7] [8] [9] [10] Measurement of gaseous microemboli in the prime before the initiation of cardiopulmonary bypass
Minimizing the GME entering the circulation is crucial and also minimizes the hazard of the emboli. Room air consists of 78.1% nitrogen which is not easily dissolved in blood. 9,11 CO 2 is about 25 times more soluble in blood and tissue than air and studies have shown that CO 2 emboli inflict less damage than air emboli and are absorbed faster. [11] [12] [13] Flushing the bypass circuit with CO 2 before priming with fluid may reduce the amount of GME and decrease the time to de-air the circuit. 14, 15 Few studies have been done to evaluate this routine and effect. 9 
Method
This study was mainly divided into two parts: 1) a procedure was developed to ensure the best possible content of CO 2 into the ten CO 2 -flushed circuits; 2) the number of GME in the priming solution in both the CO 2 -flushed and the non-flushed circuits were measured.
Ten CPB circuits were flushed with CO 2 before being primed, otherwise the priming procedure was equal for both groups. All circuits were primed with 1500 ml Ringer Acetate (Fresenius Kabi Norge AS, Halden, Norway) with heparin 10000 IU (Leo Pharma, Ballerup, Denmark) and recirculated at a rate of 3 L/min with the sweep gas flow of 1 L/min; FiO 2 0.21 for 5 minutes. GME were measured with the Gampt  BCC200 (Gampt mbH, Merseburg, Germany) ultrasonic bubble counter for 20 minutes. All measurements were performed at room temperature.
The study was performed with a Stöckert  S5 heart lung machine with roller pump (LivaNova/Sorin Group Deutschland GmbH, Munich, Germany) and a Quadrox™ oxygenator, tubing, external arterial filter and pre-bypass filter which were all Bioline coated (Maquet  , Rastatt, Germany). The total volume of the circuit and reservoir was 4,970 ml.
The CO 2 flushing procedure
A Check Mate 2 (PBI-Dansensor A/S, Ringsted, Denmark) was used to measure the content of CO 2 in the ten CO 2 -flushed circuits. The Check Mate 2 has a range of measurements for CO 2 from 0-100%. The CO 2 sensor is an infrared sensor with a dual-wavelength filter. The accuracy for CO 2 is max ± 2% for the full range. 16 The CO 2 , applied through a 0.2 µm bacterial filter, was connected to the line that is used for pressure measurement during CPB and is sited on the top of the arterial filter. Other inlet ports were also tried, such as the gas inlet of the oxygenator and the top of the reservoir, but none of these seemed to be any better or faster for CO 2 flushing.
Measurements were made at three different places in the circuit ( Figure 1 ): measuring point (1) before the oxygenator, (2) in the venous line before the inlet to the reservoir and (3) at the outer ring on the top of the reservoir. The gas was flushed both anterograde and retrograde through the circuits to determine the best way.
The CO 2 was measured every minute until we received stabilised results or at a time limit of 20 minutes. All measurements were repeated five times and the repetitions had a very small variety. The measurement of GME The Gampt  BCC200 was used to measure the amount of GME. The Gampt  Bubble Counter BCC200 is a measuring instrument for the determination of microbubbles to a diameter of 10-500 μm and to analyze them in flowing liquids. The pulsed ultrasonic Doppler system is used to detect and quantify GME. 17, 18 Two 13-mm (3/8") standard probes from the Gampt  were used on the arterial line tubing. The probes were placed 10 and 40 cm distally to the arterial filter. The priming solution was filled into the reservoir and each circuit was passively filled through the oxygenator and arterial filter with all shunts open. The measurement was started with the flow rate in the pump set to 3 L/ min. GME were recorded continuously from the Gampt  BCC200 for 20 minutes.
Statistics
The data was analysed by using SPSS  statistics version 21 (IBM SPSS Corporation, Armonk, NY, USA). The data was not normally distributed according to the Shapiro-Wilk test and the variances between the groups differed significantly. Non-parametric tests were used and the results expressed as median with 25 th /75 th percentiles. Differences were considered significant at a probability level of p<0.05.
Results

The CO 2 flushing procedure
As demonstrated in Figure 2 , the content of CO 2 increased rapidly through the oxygenator and venous line compared to the reservoir. To obtain the CO 2 content at 97-98% in the oxygenator, we had to flush for 5 minutes. A longer duration did not increase the value significantly. In the venous tubing, the values reached 100% after 3 minutes. The clamp was removed from the post-arterial filter after 5 minutes and clamped on the outlet of the reservoir (pre-arterial filter). The whole procedure then took 20 minutes to get the best result at all three measuring points. The best way of filling the circuit was retrogradely through the oxygenator and then antegradely to fill the venous line and reservoir. In this study, we followed a protocol for flushing of 20 minutes total (5 minutes retrograde, then 15 minutes antegrade).
GME
The median numbers of GME, shown in Table 1 , were highest during the first minute in both groups, with a significantly lower (p<0.01) median value of 397.5 (245/772) in the CO 2 -flushed group versus 1900 (1742/2477) counts in the non-flushed group. The microembolic counts in the CO 2 -flushed group remained lower than in the non-flushed group when tested minute by minute throughout the whole study period of 20 minutes. The CO 2 -flushed circuits had a significantly lower (p<0.01) median number of GME of 2 (1.125/3.125) compared to 19.25 (7.375/47.875) in the non-flushed circuits after ten minutes and, in the 20 th minute, the median values of GME were still significantly lower (p<0.023) in the CO 2 -flushed group 0.5 (0.375/2.75) versus the non-flushed group 10.75 (4.125/18.625).
The numbers of GME decreased dramatically in both groups from the 1 st till the 2 nd minute to a median value of 54. decrease was 13.7% and 14% in the CO 2 flushed and non-flushed groups, respectively. Some of the CO 2 -flushed circuits showed zero GME counts per minute after 10 minutes although the values fluctuated to some degree during the following minutes until the 20 th minute (Figure 4 , Table 1 ). The nonflushed circuits never obtained such small values of GME during the measuring period of 20 minutes.
In our study we observed a significant difference in the amount of GME when we compared the circuits flushed with CO 2 versus the non-flushed circuits. During the re-circulation, we visually observed the difference. The circuits flushed with CO 2 became clear quickly whilst the non-flushed circuits had visible bubbles for a longer time in the arterial line and arterial filter and during the whole measuring period on the venous and shunt lines.
Discussion
Microemboli, predominantly GME, may partly explain the neurocognitive impairment seen in 30-80% of patients operated with CPB 3,5,6 although there is growing evidence that patient-related factors also play an important role in postoperative cognitive dysfunction. Surgical patients are getting older, with comorbidities, and the inflammatory effects of CPB can also contribute to neurocognitive impairment. 6, 14 Improvements in extracorporeal equipment as well as perfusion and surgical techniques have led to a dramatic reduction of GME. 13, 17 Several studies have been done to investigate the link between GME from CPB and postoperative cognitive decline, but they have been summarized and can neither confirm nor rule out a causal link. 1, 2, 6 In spite of this, Kruis et al. said, in their systematic review, 1 "… it remains prudent to minimize the micro-embolic load in clinical practice. "
The purpose of this study was to evaluate the volume of CO 2 needed to attain a high CO 2 concentration in the bypass circuit before priming with fluid and how it should be applied to the CPB circuit and to investigate the decrease of GME in the prime as a result of CO 2 flushing. The flushing procedure was refined through repeated use of tests and measurements that found the best practice in our department with the available resources. Unlike an earlier study, 9 we used a low flow of 1 L/min versus 10 L/min for the insufflation of CO 2 and we used a different insufflation inlet for the CO 2 . Due to this, we needed more time to gain the required results. An experiment by Hargrove et al. 19 determined the flow rate and duration of CO 2 flushing and showed that a higher flow rate needs less time. Nyman 9 managed to get a higher content of CO 2 in the outlet of the oxygenator than in our study, but the materials and setup differed, which may be an explanation in addition to the higher gas flow.
To gain the highest results of the content of CO 2 in the oxygenator, we had to close the exhaust port, which we found dangerous and wanted to avoid. Although our study only obtained a maximum 98% CO 2 in the oxygenator versus >99% in the study by Nyman and colleagues, 9 the results from the CO 2 flushing led to a significant decrease in the number of GME. In our study, the reservoir took the longest time to reach a high content of CO 2 . It may be questioned if it is necessary to fill the whole reservoir with CO 2 as the priming solution can enter through the bottom of the reservoir. The density of CO 2 is 50% higher than air and will displace the air from the bottom of the reservoir. 14 The gas enters the reservoir from the bottom and the priming solution will mix there with the gas and be filled upwards in the reservoir. In addition, the priming solution will only be a third of the volume of the reservoir.
It seems like the complete absorption of CO 2 is faster and easier than for air. Martens et al. 11 made the same observation when they compared the elimination of CO 2 and air after an injection into a de-aired primed circuit. The CO 2 emboli disappeared significantly faster than the air emboli. The same observation was found in a study where they tested the CO 2 flushing of arterial filters. Beckman et al. 12 found a significant difference in total embolic count and time to clear between CO 2-flushed and non-flushed filters.
In the first minute of the counts of GME, we observed the biggest difference between the two groups. The nonflushed group had about 5 times more GME than the circuits flushed with CO 2 . The oxygenator, arterial filter and pre-bypass filter are the components that eliminate gaseous emboli and the decrease in the amount of GME shows their efficiency. A significant difference in the amount of GME is seen at the 1 st , 10 th and 20 th minutes of the study (p<0.05). Although the non-flushed group shows a greater decrease in percentage, the total number of GME remains less in the CO 2 group during the whole measuring period.
After 20 minutes of recirculation, the non-flushed circuits still measured a median value of about ten GME per minute. In the CO 2 group, the number was 0.5 GME and some of the circuits showed values of zero GME during the last 10 minutes. This illustrates that 20 minutes is not enough time to de-air the non-flushed circuits. With regards to time, the CO 2 flushing is a time-consuming process. It may be questioned whether the de-airing process could have been prolonged in the non-flushed group to 40 minutes, thereby, obtaining the same results as the CO 2 -flushed group after 20 minutes. There are not enough measurements in this study to prove this, thus, further investigation is required. On the other hand, CO 2 flushing with a higher flow could also have been used and, thus, less time spent.
In some cases, the perfusionist has a shortage of time before initiating bypass, but, due to our results, it seems like it could be useful to spend some time on CO 2 flushing, although time is limited. Several animal studies have shown that GME containing CO 2 are less harmful than air. 10, [19] [20] [21] [22] [23] [24] Some studies have shown that injections of CO 2 are better tolerated while air persists in the circulation and may present a greater risk to the patients. 13 Because of these findings, flushing with CO 2 could be advocated even though time is limited.
Conclusion
The circuit obtained a content of 97-100% CO 2 . The best way of flushing was found to be retrogradely from the post-arterial filter for 5 minutes and, then, antegradely from the pre-arterial filter for 15 minutes, with a CO 2 flow of 1 L/min.
The number of GME decreased significantly more in the CO 2 -flushed circuits than in the non-flushed circuits. The difference was seen through the whole measuring period.
